In this article, the term "early microbial evolution" refers to the phase of biological history from the emergence of life to the diversification of the first microbial lineages. In the modern era (since we knew about archaea), three debates have emerged on the subject that deserve discussion: (1) thermophilic origins versus mesophilic origins, (2) autotrophic origins versus heterotrophic origins, and (3) how do eukaryotes figure into early evolution. Here, we revisit those debates from the standpoint of newer data. We also consider the perhaps more pressing issue that molecular phylogenies need to recover anaerobic lineages at the base of prokaryotic trees, because O 2 is a product of biological evolution; hence, the first microbes had to be anaerobes. If molecular phylogenies do not recover anaerobes basal, something is wrong. Among the anaerobes, hydrogen-dependent autotrophs-acetogens and methanogenslook like good candidates for the ancestral state of physiology in the bacteria and archaea, respectively. New trees tend to indicate that eukaryote cytosolic ribosomes branch within their archaeal homologs, not as sisters to them and, furthermore tend to root archaea within the methanogens. These are major changes in the tree of life, and open up new avenues of thought. Geochemical methane synthesis occurs as a spontaneous, abiotic exergonic reaction at hydrothermal vents. The overall similarity between that reaction and biological methanogenesis fits well with the concept of a methanogenic root for archaea and an autotrophic origin of microbial physiology.
W riting about early microbial evolution is a daunting task, so it was possibly unwise to agree to do it. At present, there is a lot going on-news to report and new things to think about. Some of the current news has to do with phylogenetic trees. Trees tend to change over time as new data and methods emerge. Before there were trees (molecular phylogenies), the study of microbial evolution was about putting chemical processes in sequence. Eck and Dayhoff (1966) , for example, had iron -sulfur (FeS) proteins like ferredoxin and strict anaerobes like clostridia early, a reasonable premise given that FeS clusters are basically minerals, hence ancient, and that oxygen comes from cyanobacteria, cyanobacteria in turn being too complex in physiology to be the most ancient prokaryotes. In that view, life got off to an anaerobic start, with help from minerals, with oxygen being a biological invention that microbes gradually learned to live with. That is a reasonable proposition.
Before it was known that methanogens are archaea, Decker et al. (1970) ordered the emergence of physiological phenotypes along a sequence from strict anaerobes via facultative anaerobes to aerobes and from autotrophs and fermenters to phototrophs and heterotrophs. Their scheme had clostridia and methanogens (having cobalamin) branching first, followed by sulfate reducers (having heme), then by bacterial photosynthesizers (having chlorophylls) and diverse bacteria having respiratory chains, including forms that use oxygen as a terminal acceptor. That is also a reasonable proposition. (For illustration, we have based our scheme in Fig. 1 and Fig. 2 on data in Figure 11 in Decker et al. 1970 .)
The rRNA revolution and the discovery of archaea changed everything, of course (Woese and Fox, 1977; Woese 1987) , and the evolution of prokaryotes became something one could investigate using trees. With ribosomal RNA sequences, one could suddenly do trees, as accurately as desired or as accurately as possible, sort out the branches, plot characters across those branches-just like in vertebrate phylogenyand infer ancestral states so as to possibly read the early history of life. That was the plan at least, and it would definitely work, as long as lateral gene transfer (LGT), which genomes uncovered as a powerful mechanism in prokaryote genome evolution (Ochman et al. 2000) , had not scrambled history too much (Dickerson 1980) . The issue of how tree-like prokaryote evolution is or is not (because of LGT) is still simmering. Some say that prokaryote evolution is tree-like (Ciccarelli et al. 2006; Boussau and Gouy 2012) , some say that it is somewhat tree-like (Puigbò et al. 2009 ), some say that "only 1%" is tree-like (Dagan and Martin 2006) , some say that we cannot tell, so we should assume that it is tree-like (Forterre 2015) , while some say "can we just get on with it" (Lawrence and Hendrickson 2003) .
Microbiologists always knew about LGT, having even built a tolerance of up to 30% difference in gene content between strains of the same species into the species definition (Wayne et al. 1987; Stackebrandt and Ebers 2006) genomics that prokaryotes have pangenomes (Lapierre and Gogarten 2009; Koonin 2010 ). With such a turbulent background for the study of early evolution, hot debates were sure to follow, most of which will never be resolved to everyone's satisfaction, because there are so many unknowns about early microbial evolution, which makes it so interesting.
Before going any further, a caveat is in order. The study of early evolution will always be a controversial topic because it is so far removed from today in time that we will never know exactly (or perhaps even approximately) what happened. But, scientists and the taxpayers who fund science nonetheless generally want to know something about early evolution and have well-justified expectations that specialists (like us) should be able to report on the topic in a readable form. It is perhaps unfortunate, though, that many taxpayers and many scientists will never turn to the scientific literature for information about early evolution, consulting Wikipedia or some other web-based information storage and retrieval system instead. Why is that unfortunate? Because Wikipedia, despite its aura of objectivity, is written by humans and humans have no alternative but to report subjectively, based on their scientific background, what they have learned and what they believe to be true (what premises they embrace). That is particularly true for early evolution, because the topic is so broad, and many of its central problems underdetermined. Articles in Wikipedia are not signed by their authors, so we cannot see who wrote them; hence, we cannot begin to wonder what schools and biases are behind the reporting. Scientific papers have author names on them, making the nature of the (innate) subjectivity more transparent. Truly objective reporting on early evolution is not possible: the ideas are diverse, the literature is vast, nobody knows all of it, and one cannot write about all of the ideas in one essay. The reader is thus warned that we will be reporting from our particular viewpoint and that some microbiologists generally agree with what we are saying here, while others do not, which is fine.
For the purpose of this article, the term "early microbial evolution" designates the phase of evolution from the emergence of life to the divergence of the first microbial lineages. In the modern era (since we knew about archaea), Figure 2 . (Continued) Simplified scheme of energy metabolism showing the similarities between acetate (left) and methane (right) formation from H 2 and CO 2 by acetogenic bacteria without cytochromes (the map shown is for Acetobacterium woodii, based on data in Schuchmann and Müller 2014) and hydrogenotrophic methanogenic archaea (from data in Buckel and Thauer 2013) . In primitive methanogens, Na þ pumping is powered by the exergonic transfer of a methyl group from methanopterin to coenzyme M and the methyltransferase MtrA-H is the energy-coupling site (Buckel and Thauer 2013) . In acetogens of the A. woodii type, Na þ pumping is powered by the exergonic transfer of electrons from ferredoxin to NAD þ with Rnf as energy coupling site (Schuchmann and Müller 2014) . Electron bifurcation steps (Buckel and Thauer 2013) are indicated by a yellow circle-these are the reaction catalyzed by heterodisulfide reductase (archaea) and hydrogenase (bacteria). With the advent of cytochromes and quinones, respiratory chains became possible. The exploration of new environments, electron donors and terminal acceptors, expansion of available redox couples, and interdomain gene lateral gene transfers (dotted gray arrows) led to the diversification of archaeal and bacterial physiology. Metabolic end products are boxed. The acetogenic reaction is (Buckel and Thauer 2013) . Note that a hydrogenotrophic methanogen like Methanothermobacter marburgensis (Thauer et al. 2008) generates 40 molecules of methane for every molecule of CO 2 that is fixed as cell carbon. MFR, methanofuran; MPT tetrahydromethanopterin; CoM, coenzyme M; CoB, coenzyme B; CoM-S-S-CoB, heterodisulfide of coenzyme M and coenzyme B; Fd, ferredoxin; Eha and Ehb, energy-converting hydrogenases; MtrA-H, methyltransferase; Rnf, energy-converting ferredoxin:NADP þ oxidoreductase Rnf (based on data in Figure 11 in Decker et al. 1970 ).
W.F. Martin and F.L. Sousa three debates have emerged on the subject that deserves mention: (1) thermophilic origins versus mesophilic origins, (2) autotrophic origins versus heterotrophic origins, and (3) how do eukaryotes figure into early evolution (are they early or are they late?). We revisit those debates before moving on to the more pressing issue that molecular phylogenies need to recover anaerobic lineages at the base of the prokaryotic tree, because if they do not, something is wrong.
HOT DEBATES I: TEMPERATURE
The debate about thermophilic origins started in the wake of Karl Stetter's work, who discovered and cultured many hyperthermophiles, findings that changed the way people think about habitable environments (Fiala and Stetter 1986; Huber et al. 1986; Kurr et al. 1991) . At the same time, John Baross was exploring the possibility that life arose at hydrothermal vents (Baross and Hoffman 1985) , while Norm Pace (1991) was confronting the origin of life community with the concept of thermophilic origins, which made eminent sense to many microbiologists and which furthermore fit well with the older notion that FeS proteins held a clue to life's origins (Eck and Dayhoff 1966; Hall et al. 1971 ), a concept that Günter Wächtershäuser (1992) developed into a more general origins theory in an early evolution context. The hyperthermophiles tended to cluster around the base and deepest branches of the rRNA tree (Stetter 1996) , and thus emerged the view of a hot start to life.
Prominent members of the origin of life community distinctly disliked the idea of thermophilic origins (Joyce 1988; Miller and Bada 1988; Bada and Lazcano 2002) , giving rise to one front of debate. Patrick Forterre (1996) opened up another front to the debate by offering that the root that everyone was assuming in the tree of life was wrong. If the root were on the eukaryotic branch of the universal tree, then maybe prokaryotes arose from eukaryotes (more on that later) by "thermoreduction" (Forterre 1995) . In its more modern incarnations, the thermophily debate focuses less on the origin of life, but rather on guanine-cytosine (GC) content in the rRNA tree, the assumption being that GC content correlates with temperature (which is not always true), such that the lifestyle of ancient microbes branching near the root of the rRNA tree might be inferrable from phylogenetic analyses (Galtier et al. 1999; Brochier and Philippe 2002; Boussau et al. 2008) . Some have taken the concept even one step further, with attempts to infer the temperature of the earth's ancient oceans (Gaucher et al. 2003 (Gaucher et al. , 2008 ) from phylogenetic trees.
Many of the hot-start opponents focused specifically on the very high temperature of hydrothermal fluids that emerge from black smokers. That water emerging from black smokers comes into contact with magma (ca. 1200˚C) and thus is extremely hot (ca. 400˚C), too hot for life, which currently has its upper limits at about 121˚C (Kashefi and Lovley 2003) , and too hot even for the persistence of reduced carbon compounds (Shock 1990) . But "hydrothermal vent" is not synonymous with "400˚C," for two reasons. First, the interface of very hot hydrothermal vent water with cooler ocean water gives rise to temperature gradients of all sorts (Kelley et al. 2001) , and black smokers are indeed teeming with microbes (Brazelton et al. 2006) . Second, some hydrothermal vents on the early Earth were likely much cooler, as Mike Russell has persisted (Russell and Hall 1997) , although it was not until 2001 that Deborah Kelly and her team discovered vents of that type, the first one of which was named Lost City (Früh-Green et al. 2003) , the water of which is alkaline, which is important for Russell's theory, and on the order of 70˚C, too cold to even support growth of hyperthermophiles, which only start to grow above 80˚C (Vieille and Zeikus 2001) .
It is hard to say whether the hot-start debate is still ongoing. It might have subtly transformed into a more specific debate on whether life started at hydrothermal vents, or not, if not at vents where instead, and if indeed at vents, how then the first prokaryotes that arose there made a living . Wolfenden (2011) has recently pointed out an interesting aspect relevant to the hot-start view, namely, that spontaneous chemical reactions (which no origin of life theory can do without) generally proceed much faster at 100˚C than they do at the room temper-
Early Microbial Evolution
Cite this article as Cold Spring Harb Perspect Biol 2016;8:a018127 ature range, the possible significance being that at the origin of life, many uncatalyzed but biologically relevant reactions could have taken place much faster at higher temperatures, while enzymes, when they arose, provided their most effective rate acceleration at lower temperatures.
HOT DEBATES II: CARBON METABOLISM
The debate about autotrophic origins versus heterotrophic origins ignited in the wake of Wächtershäuser's theory about pyrite synthesis being the first source of energy for life, and his suggestion that microbial metabolism started from a reverse tricarboxylic acid cycle that was energetically pushed forward into the accumulation of reduced carbon compounds by coupling to the synthesis of pyrite (FeS 2 ) from FeS (Wächtershäuser 1988) . Microbiologists generally liked Wächtershäuser's theory. But it contradicted the then prevailing view in the origin of life community that the first cells were fermenters that arose from a prebiotic broth that they learned to consume as a substrate. Although the basic idea of autotrophic origins goes back 100 years (Mereschkowsky 1905) , the heterotrophic origin view that life arose from a kind of organic soup, such as that elaborated by Haldane (1929) or synthesized in the famous Miller-Urey (1953) experiment, had somehow become orthodox in the origin of life community. As Joyce (1988) put it "It is almost inconceivable that it [the first living system] could have been anything other than a heterotroph . . . ," and similar views can be found in later articles (Bada and Lazcano 2002; Bada et al. 2007) .
The list of problems with heterotrophy first models is long (Maden 1995; Shapiro 2006; Martin 2012) . From the biological standpoint, two problems appear sufficiently severe that the possibility of heterotrophic origins from a pond, a puddle, or an ocean of prebiotic broth can be excluded. First, prebiotic soup models assume that after the synthesis of organic soup (by whatever means), the process of life somehow starts from a mixture of carbon, hydrogen, oxygen, and nitrogen that already has reacted. Amino acids, the main constituents of cells comprising 60% of a cell's mass by weight (Neidhardt et al. 1990 ) are quite stable (Amend and McCollom 2009) ; an organic soup type mixture is at or very close to equilibrium. Life is not just a process of reorganizing existing components that are close to equilibrium into something that looks like a cell, life is an exergonic chemical reaction, a continuous far from equilibrium process (Sousa et al. 2013b) . Second, the kind of substrates that heterotrophic origins supporters have in mind, namely organics from space delivered to earth by comets or meteorites (Chyba et al. 1990 ), tend to show what is called complete structural diversity (Sephton 2002) , meaning that for a given chemical formula detected, a very large number of isomers are found, all in very minute quantities (Sephton 2002) . For any cell to be able to access such a mixture as a growth substrate, it would have to ( pre-)possess a very large enzymatic repertoire of specific isomerases and mutases, which is not a viable proposition. Autotrophic origin theories posit that the first cells were autotrophs that satisfied their carbon needs from CO 2 . The energetics, pathway, and source of electrons to reduce CO 2 differ in different formulations of autotrophic origins. In Wächtershäuser's (1988) version, the ancestral pathway of CO 2 fixation was the reverse citric acid cycle, the electrons stem from H 2 S during pyrite synthesis, which is also the energetic driving force in the pathway.
In the version that we have been helping to develop, the acetyl-CoA (or Wood -Ljungdahl) pathway is the ancestral CO 2 fixation pathway (Martin and Russell 2003) , the immediate source of electrons is H 2 , although the ultimate source of electrons is Fe 2þ in the earth's crust, and the source of energy is the exergonic reduction of CO 2 to acetate (in the case of acetogens) or methane (in the case of methanogens) (Sousa and Martin 2014). The acetyl-CoA pathway is regarded as the most ancient of the six pathways of CO 2 fixation known (Fuchs 2011) and in contrast to earlier views; it is the only one that occurs in both archaea and bacteria (Berg et al. 2010) . The source of electrons for CO 2 fixation is geological H 2 (Martin and Russell 2007) , the same electron donor that modern microbes using the acetyl-CoA harness, and the source of energy is the exergonic reduction of CO 2 to acetate in the case of acetogens or methane in the case of methanogens (Sousa et al. 2013b) . The H 2 required to push the equilibrium toward the accumulation of reduced organic compounds comes from a geochemical process called serpentinization (Martin and Russell 2007; Russell et al. 2010) , which has been going on as long as there has been water on Earth (Sleep et al. 2004 ). Serpentinization spontaneously generates not only H 2 but also methane and other short hydrocarbons (Proskurowski et al. 2008) , in addition to formate (Lang et al. 2010) , via geochemical reactions at hydrothermal vents still today.
The thermodynamics of amino acid synthesis from ammonium, H 2 , and CO 2 is favorable at the kinds of alkaline hydrothermal vents that we have in mind (Amend and McCollom 2009; Amend et al. 2013; Kitadai 2015) , the same istrue for the thermodynamics of cell mass synthesis from ammonium, H 2 , and CO 2 (Amend and McCollom 2009 ). Rock -water-carbon interactions in hydrothermal systems offer very favorable chemical environments in an early life context (McCollom and Seewald 2013; Schrenk et al. 2013) , and anaerobic autotrophs that inhabit hydrothermal systems and earth crust environments (Chapelle et al. 2002; Chivian et al. 2008; Lever et al. 2010 ) use the acetyl-CoA pathway. Alkaline hydrothermal vents, like Lost City, generate natural pH gradients at the interface between their hydrothermal effluent and ocean water. Once proteins had arisen in evolution, such naturally generated ion gradients could have been harnessed for energy conservation, even before ion pumping mechanisms had been invented (Martin and Russell 2007; Lane and Martin 2012; Sojo et al. 2014) , which would go a long way to explaining why the rotor-stator type adenosine triphosphate (ATP)ase is as universal among genomes as the ribosome is; it was present in the universal common ancestor. The closer we look at carbon and energy in hydrothermal vents, the greater the similarities between geochemistry and the biochemistry of acetogens and methanogens (anaerobic autotrophs) become (Sousa and Martin 2014) . The autotrophy versus heterotrophy debate is not over, but data from physiology Fuchs 2011 ) and modern microbiology textbooks (Madigan et al. 2014) , in addition to newer exciting findings about geochemical CO 2 reduction and carbon speciation at modern hydrothermal vents (McDermott et al. 2015) , tend to favor the autotrophic origins view.
HOT DEBATES III: COMPLEX CELLS EARLY OR LATE
The traditional and natural way of thinking about early evolution is to imagine the progression of cellular complexity starting with simple forms and moving forward in time to the more complex. The standard view is thus the first cells were prokaryotes: small and simple, with chemiosmotic energy harnessing at their plasma membrane; eukaryotes then came later: large and complex cells with chemiosmotic energy harnessing in bioenergetic organelles (chloroplasts and mitochondria) that stem from prokaryotes via endosymbiosis. But, as we warned at the outset, early evolution is full of controversy and there are those who prefer the view that eukaryotes came first and that prokaryotes arose from them.
The eukaryotes first view is founded in thoughts about genes (not cells) and goes back to the days when introns were discovered. It initially started out with Ford Doolittle's suggestion (Doolittle 1978 ) that genes possessing introns might be the ancestral state of genome organization, such that the very first genomes might have looked more like a big, junky eukaryotic genome than like a compact and highly tuned prokaryotic genome, and that the prokaryotic genome state that we know today (lacking spliceosomal introns) is derived from the intron-laden ancestral state via selection for fast replication, leading to intron loss, a process then called "streamlining." It should be recalled that much of the attractivity of the introns-early concept rested in the circumstance that introns were discovered before either the catalytic capabilities of RNA or the concept of an RNA world had emerged. It was thus Walter Gilbert's prescient suggestion (Gilbert 1978 ) that introns, a term coined in the same paper, could facilitate the origin of new and more complex genes via recombination (exon shuffling). In an early evolution context, exon shuffling bridged the gap between oligonucleotides and fully fledged genes, a big issue at that time because no one could imagine back then how protein-sized open reading frames evolved from scratch, the standard debate being protein first versus DNA first. Doolittle eventually abandoned introns early (Stoltzfus et al. 1994) . Catalytic RNA was discovered (Cech 1986) , and the concept of the RNA world was born (Gilbert 1986 ), although Gilbert's version had a lot more to do with introns than it had to do with replicating and catalytic RNA (Joyce 2002) .
Thus, catalytic RNA left introns-early somewhat out in the cold with regard to gene origins. In addition, the Iwabe -Gogarten rooting of the unrooted rRNA tree (Gogarten et al. 1989; Iwabe et al. 1989 ) quickly displaced introns-early as the focal point of early evolution, but it stopped short of putting prokaryotes firmly first, though, because archaea were placed as a sister to eukaryotes (Woese et al. 1990 ). That prompted Forterre (1995 Forterre ( , 1996 to question the position of the root and to suggest the possibility that prokaryotes are derived from eukaryotes via thermoreduction. Maybe eukaryotes were early after all, but in a way that had nothing directly to do with the introns that gave rise to the idea in the first place. Kurland et al. (2006) , Forterre and Gribaldo (2010) , Penny et al. (2014) and, perhaps most vehemently, Kurland and Harish (2015) have recently taken stances in favor of that view.
But phylogenetic trees are prone to change over time, and lately the hot issue has been not "where is the root in the tree of life?" but "are archaea really sisters to eukaryotes?" This has been brewing for some time. Jim Lake (1988) had subjected the rRNA data to more sophisticated analyses and found that eukaryotic cytosolic ribosomes branch within the spectrum of archaeal diversity, not as sisters to them. Twenty years later, using ribosomal protein sequence data, not just the rRNA, Cox et al. (2008) obtained a similar result, and now most of the trees we see of late that link the cytosolic ribosomes of eukaryotes to prokaryotic homologs have the eukaryotes branching within the archaea, not as sisters to them (Williams et al. 2013, Williams and Embley 2014; Raymann et al. 2015; Spang et al. 2015) . That indicates that the host lineage that acquired the mitochondrion at eukaryote origin was an archaeon, as some of us have been suggesting for some time (Martin and Mül-ler 1998; Martin et al. 2001) . But because trees are prone to change, in 10-years time, maybe yet a new phylogenetic position for ribosomes of the eukaryotic cytosol will emerge. We emphasize that the new trees are classifying the cytosolic ribosome of eukaryotes, not the phylogenetic position of eukaryotes as a whole, which is a more difficult undertaking. The vast majority of eukaryotic genes that have prokaryotic homologs (a condition necessary for classification of eukaryotes relative to prokaryotes) come from bacteria (Gupta 1998; Esser et al. 2004; Timmis et al. 2004; Cotton and McInerney 2010; Ku et al. 2015) . That is particularly true in the plant lineage (Martin et al. 2002; Ku et al. 2015) . Until methods emerge that permit eukaryotes to be classified on the basis of all genes, we will have to be content with classifications based on ribosomes, keeping in mind that eukaryotes have either one set of ribosomes (lineages with hydrogenosomes or mitosomes) (Embley et al. 2003) , two sets (lineages with respiring mitochondria), three sets ( plants), or four sets (complex algae) (Maier et al. 2013 ) of evolutionarily distinct ribosomes operating simultaneously, because of endosymbiosis (Zimorski et al. 2014 ). Methods to investigate the evolution of all genes in eukaryote genomes are emerging, and the data indicate endosymbiotic origins of eukaryotic genes (Ku et al. 2015) , hence, of eukaryote cells, whereby the formal classification issue remains unresolved.
Independent of phylogenetic trees, there are strong bioenergetic reasons supporting the case that the host for the origin of mitochondria was an archaeon , reasons that have to do with the circumstance that the many evolutionary inventions that separate the eukaryotes from the prokaryotes did not come for free, they came at a price, an energetic price. The possession of mitochondria provided eukaryotes with 4 to 5 orders of magnitude more energy per gene, allowing them to pay the energetic price of expressing the many dif-ferent and novel proteins that underpin eukaryotic specific traits. Protein synthesis consumes 75% of a cell's energy budget, DNA replication only 3% (Stouthamer 1978) . At the prokaryote eukaryote transition, people have long focused on the role of oxygen at eukaryote origin; for a recent example, see Booth and Doolittle (2015) and the reply by Lane and Martin (2015) . Oxygen provides a roughly sixfold increase in the amount of ATP per glucose that eukaryotes with aerobic respiration in mitochondria-right at maximally 30 ATP per glucose in mammals (Rich 2013 )-obtain relative to eukaryotic anaerobes, which glean 4 -5 ATP per glucose (Müller et al. 2012) . But if oxygen respiration were the key to eukaryote complexity, Escherichia coli and other respiring prokaryotes would have become complex for the same reasons, which clearly did not happen, meaning that O 2 was not the key to eukaryote complexity, while mitochondria more probably were Ku et al. 2015; Lane 2015) .
At any rate, the new trees placing eukaryotes (their cytosolic ribosomes) within the archaea indicate what folks are now calling a twodomain structure to the tree of life (Williams et al. 2013) , with archaea and bacteria as the deepest split, and eukaryotes arising from prokaryotes via endosymbiosis (McInerney et al. 2014) . These trees are, understandably, causing quite a stir. Trees and energetics suggest that the evolution of cellular complexity took the natural route, starting from simple ( prokaryotes) and leading to complex (eukaryotes), which makes a lot of sense, also in the context of classical endosymbiotic theory . Proponents of other views Kurland and Harish 2015) argue their case on the basis of other kinds of evidence.
EARLY EVOLUTION WAS ANOXIC (NO DEBATES)
Of course, one can debate just about anything, including the idea that molecular oxygen comes from cyanobacteria (Ohmoto et al. 2006) , or broader questions like what is life? Life is short, so if we want to think and talk about early evolution we have to get on with it before our time runs out, meaning that we have to make some judgment calls in a diverse literature about which premises-assumptions made for the sake of argument-we will embrace today in 2015. Here, we will embrace and justify what we think to be about the surest thing we can say about early evolution, namely, that it occurred in the absence of molecular oxygen. If some molecular oxygen arose in the atmosphere through photolysis of water or other means, there was so little of it that it was irrelevant for microbial physiology and evolution, which was not occurring in the atmosphere anyway. In early evolution, O 2 can be neglected. Early microbial evolution was the age of anaerobes.
What justifies that statement? We could cite Eck and Dayhoff (1966) or Decker et al. (1970) to support the view, but newer geochemical data from prominent sources would be the more standard way to make the case. A problem is that geochemists sometimes have a hard time making up their minds about early Earth history, and oxygen in particular. But a recent review (Lyons et al. 2014 ) deals with the topic in what seems to be a fair and open manner. From our reading, we think what they are saying is that there is good evidence for the existence of (cyanobacterially derived) molecular oxygen at the great oxidation event (GOE), which they date as having happened during the time 2.3 -2.5 billion years ago before present. We also read them as saying that there is no clear evidence for the existence of molecular oxygen before the GOE. There was once prominently published biomarker evidence to suggest the existence of cyanobacteria (and eukaryotes) 2.7 billion years ago that Lyons et al. (2014) cite, but that biomarker evidence has been called sharply into question (Fischer 2008; Rasmussen et al. 2008) , and more recently taken back altogether by its original senior authors (French et al. 2015) . That leaves only very indirect lines of evidence for any existence of oxygen before the GOE, and that is where Lyons et al. (2014) rely on the amount of biomass prediction in sedimentary rock as a proxy for photosynthesis (as opposed to chemosynthesis) and then go on to list H 2 S, Fe 2þ , and H 2 as possible electron donors, other than H 2 O, for the source of that deposited car-
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WHAT DO TREES SAY ABOUT THE POSITION OF ANAEROBES?
In Table 1 , we have summarized a collection of trees whose taxon samples root the bacteria against the archaea or vice versa, and we have indicated what sort of groups branch deep and whether the deepest branches contain anaerobes, aerobes, or a mixture of both. Clearly, the trees report in a heterogeneous manner and to our best knowledge, none of those trees were constructed with the goal in mind of finding an anaerobic root or not. It is interesting, although to hold on to a thought: If the deep trees are telling us something meaningful and in a straightforward manner, they need to recover anaerobes basal. If they do not do that, then something is probably wrong. One can introduce corollary assumptions involving LGT from oxygen-adapted lineages, for example, to Aquifex aeolicus, which branches deeply in many trees. But at face value, the deep branches need to be populated by anaerobes. Anaerobic autotrophs would be ideal, in our view, but anaerobes are probably a must. That is happening among the archaea, where the new root reported by Raymann et al. (2015) puts methanogens at the base of the archaeal tree. In bacterial phylogenies, sometimes clostridia (firmicutes) tend to go deep (Table 1 ), but only time will tell how trees will depict early evolution or deep branching lineages a few years from now, especially as environmental sequences (Rinke et al. 2013) come increasingly into play.
One might ask why we have not constructed the best tree we know how to construct and reported our result here with regard to anaerobes, for example, using the ribosomal protein data set that everyone is currently using. The reason is that one of us reported the first concatenated trees using that specific data set 15 years ago (Hansmann and Martin 2000) , overlooked in Ciccarelli et al.'s (2006) "automated" procedure to produce a tree of life that found the same proteins, and it was immediately apparent that there are many, many saturated sites in the alignments of that data set, and that if we start removing the saturated sites or those lacking observable sequence conservation then we obtain different topologies. Investigators are still using such site stripping approaches today (Petitjean et al. 2015; Raymann et al. 2015) , sometimes pruning alignments by hand (Spang et al. 2015) , but the problem is that there is no good justification for when to stop excluding either genes or sites, one just gets different likelihoods. With large concatenated data sets, the results become dependent on which fraction of the data one retains in the alignment and which model one uses to infer the tree, as seen in the Petitjean et al. (2015) analysis in which the archaeal root changed from being within methanogenic lineages to being between the euryarchaeota and TACK groups after pruning. There is also the problem that concatenation entails an assumption that the concatenated genes in question all share the same evolutionary history, which is actually very hard to show for real data spanning the bacterial -archaeal divide. Charlebois and Doolittle (2004) called this rescuing the core, James McInerney called it a tree of tips (Creevey et al. 2004 ), and we called it the disappearing tree effect (Sousa et al. 2013b ). There can be no question that there are tree-like components to some segments of prokaryote evolution (Daubin et al. 2003) , but the question of how far back any tree-like component of prokaryote evolution goes is very difficult to answer (Doolittle and Bapteste 2007; Dagan et al. 2008) .
PHYSIOLOGY IN ADDITION TO TREES
What can we say about anaerobes and oxygen from a biologist's point of view? Oxygenic photosynthesis arose from (after) anoxygenic pho-tosynthesis, on that all biologists agree, but whether the two photosystems of cyanobacteria became divergent in one and the same genome or in different genomes is more debated (Hohmann-Marriott and Blankenship 2011) , whereby lack of a deep split in chlorophyll biosynthesis that would mirror the deep spilt of the photosystems is lacking (Sousa et al. 2013a ), suggesting that the two photosystems arose and diverged within the same cell (Allen 2005) . The evolution of photosynthetic electron transport chains (with chlorophylls) requires that basic biochemical components like cytochromes and quinones were in place, meaning that respiratory electron transport chains (with heme) preceded photosynthetic electron transport chains (and O 2 ) in evolution. That means that anaerobic respiratory chains-of which there are very many forms with many different terminal acceptors (Amend and Shock 1998 )-preceded both pho- Wolf et al. (2012) E þ N þ TACK An Rinke et al. (2013) (
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Cite this article as Cold Spring Harb Perspect Biol 2016;8:a018127 tosynthesis and biological production of oxygen. So far so good, but what came before anaerobic respiratory chains?
Anaerobic respiratory chains involve cytochromes and quinones (Schäfer et al. 1996; Berry 2002) . Are there simpler forms of microbial physiology that do not require cytochromes and quinones? Yes, but among the autotrophs they are not that numerous. There are acetogens (Schuchmann and Müller 2014) and methanogens (Buckel and Thauer 2013) , which are anaerobic autotrophs that lack both cytochromes and quinones (but they have corrins). That would make them arguably the simplest and possibly most primitive forms of microbial physiology known, and indeed they only have one coupling site each: a methyltransferase complex (MtrA-H) in the methanogens (Thauer et al. 2008) , and a ferredoxin:NADP þ oxidoreductase called Rnf in the clostridial acetogens (Biegel and Müller 2010) , whereby there are also cytochrome lacking acetogens that use the energy-converting hydrogenase (Ech) instead of Rnf (Schuchmann and Müller 2014) . Our terse physiological inference thus brings us right back to the Decker et al. (1970) scheme from the introduction, the only difference being that the Decker et al. (1970) tree had acetogens and methanogens grouped together as sisters, whereas today we would have to put their split at the very bottom of the tree of life, where bacteria and archaea diverge (Fig. 1) . From our point of view, that is not an unreasonable proposition, others would surely disagree.
The idea that acetogens and methanogens are very ancient forms of microbial physiology has been out there for 45 years now, a version of that notion that puts them basal among the bacteria and archaea, respectively, and that links them to hydrothermal vents, which has been out there for 10 years; is there any evidence to support it? The acetogens and the methanogens are both very strict anaerobes. They both live from the reduction of CO 2 with H 2 , they both use the acetyl-CoA pathway at the core of their carbon and energy metabolism, and they both live from very modestly exergonic reactions that are close to the thermodynamic limits of life (Deppenmeier and Müller 2007) . The core bioenergetic reaction of methanogens (reduction of CO 2 to methane) occurs spontaneously at alkaline hydrothermal vents today (Lang et al. 2010; Etiope et al. 2011; McCollom and Seewald 2013; Schrenk et al. 2013 ). The chemiosmosis dependence of their carbon and energy metabolism when growing on H 2 and CO 2 is readily understood in terms of the geochemical origin of chemiosmotic gradients at alkaline hydrothermal vents (Lane and Martin 2012) . Their carbon and energy metabolism is replete with transition metal catalysis (Sousa and Martin 2014) . Those are aspects that make sense, but direct experimental support is even better.
In an exciting new work, McDermott et al. (2015) reported accumulation of formate from abiotic CO 2 reduction at the Von Damm hydrothermal field, at rates fast enough to support anaerobic methanogenesis. Such CO 2 reduction is typically attributed to serpentinization, but the details of the underlying geochemical process of rock -water-carbon interactions are still not resolved. Furthermore, the latest laboratory simulations are also of interest in this respect. Roldan et al. (2015) reported the laboratory synthesis of formate, acetate, methanol, and pyruvate from CO 2 using gregite (Fe 3 S 4 ) as a catalyst under simulated alkaline hydrothermal vent conditions; that is exciting because the carbon species obtained very closely resemble the first steps of CO 2 fixation in the acetyl-CoA pathway (Fuchs 2011) . Yamaguchi et al. (2014) reported the FeNiS-catalyzed synthesis of CO and methane under simulated alkaline vent conditions, while Herschy et al. (2014) obtained CO and formaldehyde. Simulated hydrothermal vents, while so far falling short of spewing forth vitamins, bases, and proteins, do produce compounds that are central to acetogen and methanogen metabolism, and they produce electrochemical gradients (Barge et al. 2014) , which Mike Russell (Russell and Hall 1997) has been saying all along are essential for early life.
AND WHAT ABOUT LUCA?
The concept of LUCA (the last universal common ancestor) means different things to different people. For us, LUCA is the last common ancestor of archaea and bacteria. Because archaea and bacteria differ in so many aspects, their common ancestor was perhaps not even a free-living cell (Martin and Russell 2003; Koonin 2011; Sojo et al. 2014) . Clearly, the inference of the LUCA gene set requires (and is sensitive to) a rooted backbone tree, and strongly depends on the starting data set and method used ( Table 1 ). The new trees that have a two-domain topology, with eukaryote ribosomes branching within the archaea (Williams et al. 2013; Spang et al. 2015) , will deliver different estimates of LUCA gene content than the traditional threedomain topology did. Nevertheless, the deep bacterial -archaeal split is one of the few traces of early evolution that is consistently present across the majority of different trees of life.
Comparative genomics and modern phylogenetic approaches to infer the genetic content of LUCA usually estimates LUCA as a small genome-sized organism(s), containing 500 to 1000 genes (Koonin 2003; Kannan et al. 2013 ). These numbers are in agreement with the computational and experimental determinations of the minimal genome size necessary to sustain a functional cell (Itaya 1995; Mushegian and Koonin 1996; Pál et al. 2006) . However, the ancestral reconstruction of a minimal gene set in LUCA approaches are influenced by several factors. Plotting presence and absence of homologous genes across a genome tree does not easily accommodate acquisition of genes by horizontal gene-transfer events. Thus, genes distributed in archaea and bacteria will apparently trace back to LUCA, although they might in fact have been transferred in one direction or another in recent history (Dagan and Martin 2007) . This is certainly the case for the haloarchaea, aerobic heterotrophs that arose from methanogenic ancestors via gene acquisition from bacteria (NelsonSathi et al. 2012) , and for several other groups of archaea, whose origins also correspond to gene acquisitions from bacteria . It should be possible to exclude LGTs identified by Nelson-Sathi et al. (2015) for the purpose of LUCA gene content inference (Mirkin et al. 2003) , but that has not yet been reported.
It is becoming increasingly clear that in the field of early microbial evolution we have to decouple-to some extent, but to which extent is still not yet known-the evolution of bioenergetic processes from the evolution of ribosomal lineages. Both evolutionary processes drive microbial diversity, but the two do not strictly coevolve over the fullness of geological time. This is seen in the assortment of bacterial photosynthesis with three kinds of CO 2 fixation pathways (Hohmann-Marriott and Blankenship 2011): the variation and the patchy distribution of sulfur reduction across microbial lineages (Pereira et al. 2011) , the evolutionary transition from methanogenesis to aerotolerant heterotrophy in the halophiles (Nelson-Sathi et al. 2012) , or in the association of archaeal ribosomes with bacterial energy metabolism in eukaryotes (Ku et al. 2015) .
CONCLUDING REMARKS
In genome-wide phylogenies for prokaryotes, Nelson-Sathi et al. (2015) found an asymmetry of gene transfers between archaea and bacteria, with bacteria-to-archaea transfers predominating by 5:1 and .80% of all such transfers targeted to methanogenic recipients. That makes good sense in light of the methanogenic ancestry of archaea suggested by comparative physiology (Decker et al. 1970) , by geochemistry (Sousa and Martin 2014) , and by ribosomal phylogeny (Raymann et al. 2015) . Phylogenetic trees, physiology, and geochemistry will continue to enrich our understanding of evolution within archaea, and help to identify the nature of genes acquired in the course of those transitions. This will, however, raise the question of who did most of the biochemical inventing (bacteria we think), and that might send us right back to square one, and Figure 1 , a most insightful, intuitively understandable, 45-year-old picture of a very interesting problem.
